Yokoba M, Hawes HG, Kieser TM, Katagiri M, Easton PA. Parasternal intercostal and diaphragm function during sleep. J Appl Physiol 121: 59 -65, 2016. First published April 28, 2016 doi:10.1152/japplphysiol.00508.2015.-Action of the uppermost medial internal intercostal muscles-the parasternals-during rapid eye movement (REM) is uncertain; no direct recordings exist of shortening of these muscles during sleep. Historically, motor inhibition of skeletal muscles during REM sleep is thought to cause global loss of chest wall muscle function, REM "atonia," with preservation of only diaphragm function. However, recent evidence during wakefulness shows parasternals as distinctive obligatory inspiratory muscles. Therefore we hypothesized that attenuation of chest wall function during sleep may spare the parasternals along with the diaphragm, as essential muscles of inspiration during REM. We studied seven canines, comparing costal and crural diaphragm and parasternal intercostal muscle function during wakefulness and non-REM (NREM) and REM sleep, during normal spontaneous sleep, continuously recording ventilation and simultaneous muscle electromyogram (EMG) and length from sonomicrometry microtransducers. Ventilation during sleep declined significantly from wakefulness. From wakefulness to NREM and REM, costal and crural tidal EMG increased, while parasternal tidal EMG was preserved unchanged. Costal and crural shortening per breath during NREM and REM did not change significantly from wakefulness. Concurrently, parasternal shortening decreased equally in both NREM and REM despite preservation of the parasternal EMG. We conclude that diaphragm and parasternals are not inhibited, and both remain active together as essential inspiratory muscles, during REM sleep. The lesser contraction of parasternal intercostals compared with diaphragm may be attributed to net changes in mechanics affecting the chest wall during sleep. HISTORICALLY, IT IS recognized that ventilation and respiratory muscle function are altered profoundly by sleep state (33). Traditionally, in rapid eye movement (REM, dream) sleep, it is thought that the diaphragm is spared as the preeminent inspiratory muscle while action of the chest wall muscles is globally diminished (10, 20-22, 31, 36). Conventionally, this dichotomy between diaphragm and chest wall during REM has been ascribed to a postsynaptic inhibition due to hyperpolarization of motoneuron membrane potential in the spinal cord during sleep, especially REM. In theory, this spares the diaphragm, but results in motor inhibition of more spindle-rich (3, 9), "postural" skeletal muscles of the chest wall, including the lateral intercostals as well as the accessory neck muscles (10, 25) . Some venerable experiments support this diaphragm chest wall-sleep state dichotomy: some studies of intercostal electromyography (EMG) have shown a markedly reduced intercostal activity during REM, while diaphragm EMG activity has not typically been depressed (10, 22, 37) . Similarly, global external mechanical evidence of chest wall motion during sleep in humans has shown that rib cage contribution to tidal volume declines very significantly in REM sleep (36, 37). Logically, this old evidence would predict that the parasternal intercostal muscle action would be the same as the lateral intercostal chest wall muscles, greatly decreased during REM sleep. However, this classic prediction of equivalent and greatly decreased action of upper anterior parasternal and lower lateral intercostal muscles during REM sleep may be in error, for several reasons.
HISTORICALLY, IT IS recognized that ventilation and respiratory muscle function are altered profoundly by sleep state (33) . Traditionally, in rapid eye movement (REM, dream) sleep, it is thought that the diaphragm is spared as the preeminent inspiratory muscle while action of the chest wall muscles is globally diminished (10, 20-22, 31, 36) . Conventionally, this dichotomy between diaphragm and chest wall during REM has been ascribed to a postsynaptic inhibition due to hyperpolarization of motoneuron membrane potential in the spinal cord during sleep, especially REM. In theory, this spares the diaphragm, but results in motor inhibition of more spindle-rich (3, 9) , "postural" skeletal muscles of the chest wall, including the lateral intercostals as well as the accessory neck muscles (10, 25) . Some venerable experiments support this diaphragm chest wall-sleep state dichotomy: some studies of intercostal electromyography (EMG) have shown a markedly reduced intercostal activity during REM, while diaphragm EMG activity has not typically been depressed (10, 22, 37) . Similarly, global external mechanical evidence of chest wall motion during sleep in humans has shown that rib cage contribution to tidal volume declines very significantly in REM sleep (36, 37) . Logically, this old evidence would predict that the parasternal intercostal muscle action would be the same as the lateral intercostal chest wall muscles, greatly decreased during REM sleep. However, this classic prediction of equivalent and greatly decreased action of upper anterior parasternal and lower lateral intercostal muscles during REM sleep may be in error, for several reasons.
Although old evidence of globally decreased chest wall movement and contribution to tidal volume during REM sleep is undisputed (37) , evidence regarding chest wall neural activation and muscle electrical activity is not consistent. Despite the traditional expectation that the chest wall muscle EMG activity is decreased in REM sleep, there are other experimental data in both rats (13) and cats (17) that suggest intercostal EMG is preserved and relatively unchanged in REM sleep. Moreover, there is evidence that phrenic and parasternal motoneurons both escape REM-related inhibition (34) . Also, it is noteworthy that studies in humans suggesting that parasternal intercostal EMG greatly diminishes during REM sleep were executed using surface, not implanted, EMG electrodes (26, 37, 39) .
This interest in parasternal intercostal muscle action in REM is more than just a reassessment of old conflicting evidence. Contemporary understanding of the chest wall intercostal musculature (5) during wakefulness strongly recommends a reconsideration of the relative action of chest wall and diaphragm during sleep. In recent years, a large body of evidence has accumulated presenting a radically different function of the mammalian chest wall (4, 7, 8, 19) . Now a very heterogeneous, differential action of the intercostal musculature is known, with sophisticated rostrocaudal and mediolateral gradients of neural activity and mechanical advantage, across the chest wall. Within this, the uppermost, internal intercostals immediately adjacent to the sternum, the parasternals, have been delineated as obligatory or primary inspiratory muscles, very different in function from the lower lateral external intercostals (7, 19) . Given this fresh understanding of the parasternals during wakefulness, the action of the upper chest wall during sleep state, notably REM, may not be in accordance with traditional assumptions.
Specifically, if the parasternal intercostal muscles have function akin to a "primary" inspiratory muscle during wakefulness, then is this muscle action extinguished during REM sleep? Similarly, if the parasternal intercostal muscles and costal diaphragm express comparable action during wakefulness, is it probable that one muscle persists through REM while the other disappears? More likely, the distinctive action of the parasternal intercostal during wakefulness persists through changing sleep state, so parasternals may be exempt from the traditional decrease in action of the chest wall in REM, even if lower lateral chest wall muscle function diminishes. Therefore we hypothesized that attenuation of chest wall function during REM sleep will spare the parasternal intercostal muscles along with the diaphragm, both acting as essential muscles of inspiration during REM.
The action of the parasternal intercostal muscles during REM is not a moot point of physiology, but is important in clinical medicine. It has long been known that apnea and hypoxemia in sleep-disordered breathing are exacerbated in REM (16) . Neuromuscular disease with accompanying respiratory muscle weakness typically involves REM hypoventilation and hypoxemia, which may also appear in REM in other conditions where diaphragm function is disadvantaged, e.g., obesity hypoventilation (1, 2, 15) . Clinically, a REM atonia of nondiaphragm respiratory muscles, notably the chest wall, is invoked to account for the REM respiratory deterioration. If the action of the parasternal intercostal muscles is not extinguished in REM sleep, then the role of chest wall in clinical respiratory deterioration in REM will need to be reconsidered.
To examine this thesis, we undertook, in intact canines, to measure ventilation and record directly from long-standing intramuscular implants both EMG activity as well as muscle length and shortening from costal and crural diaphragm and parasternal intercostal muscles during wakefulness, NREM, and REM sleep. We employed combined EMG-sonomicrometry transducer implants in the muscles under investigation to provide simultaneous EMG activation and corresponding realtime muscle length change.
METHODS
Surgical preparation. This study was approved by the Animal Care Committee at the University of Calgary, in accordance with national guidelines. Data reported here are retained in a physiologic digital database created in 2009.
Pairs of sonomicrometry transducers and bipolar fine-wire EMG electrodes were implanted in costal (COS) and crural (CRU) diaphragm and parasternal intercostal muscle (PARA) in seven mongrel dogs. Animals were studied after diaphragm segmental and parasternal intercostal muscle shortening had recovered. The technique of chronic sonomicrometry and EMG implantation and the 7-10 days' progressive recovery of diaphragm segmental shortening have been described fully elsewhere (11, 13) . Recordings were from sonomicrometry/EMG electrodes implanted between muscle fibers on costal diaphragm segment, midway between central tendon and chest wall in the region corresponding roughly to the second sternocostal branch of the phrenic nerve (12) , on the perivertebral region of the crural segment, and the parasternal intercostal in left second to third intercostal space, 1-3 cm lateral to the sternum. All implants were secured by fine synthetic nonfibrogenic sutures (Prolene; Ethicon, Somerville, NJ); all implant wires were externalized by a subcutaneous skin tunnel.
Measurement techniques. Measurements of resting ventilation and respiratory muscle function during wakefulness (WAKE) and NREM and REM sleep were performed with the animals breathing quietly, while lying in the right lateral decubitus position. The animals were studied with their head in a "neutral" (snout at 135 deg to long axis of the spine) position. The animals were relaxed, familiar with the location, routine, and personnel of the recordings. The animals breathed spontaneously through a snout mask, which was connected through a one-way valve to a low-resistance open breathing circuit (Ͻ1 cmH2O·l Ϫ1 ·s) which incorporated a pneumotachograph (Fleisch no. 2) and a piezoelectric differential pressure transducer (model 163PC01D36; Honeywell Microswitch) connected across the pneumotachograph to provide measurement of inspiratory airflow.
Polysomnogram included the electroencephalogram (EEG) recorded via gold cup electrodes placed on central and occipital area, right and left electrooculogram (EOG), neck EMG, electrocardiogram (ECG), and pulse oximetery. Using computer software for data acquisition (DataSponge; Bioscience Analysis Software, Calgary, Canada), all signals were monitored in real time on the computer display and simultaneously collected to hard disk on a microcomputer equipped with a single-board analog-to-digital system (model MIO-16-H-9; National Instruments, Galveston, TX). For measurement of respiratory muscle EMG, the fine-wire bipolar electrode pair was connected to an alternating current (AC) differential preamplifier (model 1700; AM Systems, Everett, WA). Power line interference was abolished by careful shielding techniques and the use of differential preamplifiers with a high common mode signal rejection of 110 dB. Thereafter the signal was filtered to attenuate movement artifact and perform antialias filtering, using a six-pole, low-pass Bessel filter at 700 Hz (model 746, LT-4; Frequency Devices, Haverhill, MA) and a matching six-pole, high-pass filter at 20 Hz. The EMG signals were further amplified before being sampled by computer at 4 kHz. The EMG signals from respiratory muscles were moving averaged (model MA-821RSP moving averager; CWE, Ardmore, PA) and integrated using an "resistor-capacitor (RC) leaky integrator" with a 50-ms time constant. EEG signals were amplified with AC differential preamplifier (model 1700; AM Systems, Everett, WA) and band-pass filtered between 70 and 500 Hz using Bessel filter (model 746, LT-4; Frequency Devices, Haverhill, MA). Neck EMG signals were further amplified before being sampled by computer at 5 kHz. ECG and pulse oximetry signals were obtained concurrently. Dynamic measurement within the respiratory muscles of the changing distance between the sonomicrometer transducers of each pair was provided by measurement of ultrasonic waves by a sonomicrometer (model 120; Triton Technology, San Dieo, CA) (11, 38) .
Scoring of sleep stage. Sleep stage was determined by both behavioral and classic sleep staging criteria, including EEG, EOG, and EMG recording (24) . REM sleep in canines was easily staged by frequent twitching movements of the ears, whiskers, and limbs or by polysomnography signals using standard human criteria (24) , namely low-amplitude EEG, rapid EOG bursts, and absence of jaw EMG. NREM and wakefulness were differentiated via a number of criteria including open eyes, breathing rate, and EEG, EOG, and jaw EMG signals. The entire sleep study was thus scored and analyzed post hoc, using real-time, time-synchronized written notes of behavior and recorded polysomnography.
Analysis of ventilation and breathing pattern. After data acquisition and storage to disk, data were analyzed using software programs written by one author (P. A. Easton) and adapted to this project by a second author (H. G. Hawes). The flow signal was evaluated for respiratory timing and digitally integrated; inspiratory time (TI), expiratory time (TE), total breath time (TT), respiratory frequency (f), tidal volume (VT), minute ventilation (VI), mean inspiratory flow (VT/TI), and inspiratory fraction of respiration (TI/TT) were calculated breath by breath.
EMG activity from each respiratory muscle was quantified classically per breath as the maximum difference in volts between endexpiratory baseline and the peak height of the moving-average signal (tidal EMG).
With use of the sonomicrometer data, the computer algorithm identified the muscle length for each breath that corresponded to the onset of inspiratory flow. In each breath, the computer compared this value with the data samples of muscle length within the final one third of the preceding expiration and identified the maximum resting end-expiratory muscle length. This baseline resting length at end expiration (in mm) was L bl, i.e., baseline length before the onset of muscle shortening in inspiration. This length was entitled LFRC in our previous reports (11) (12) (13) , but Lbl is used here and is preferred because it can be applied to any inspiratory or expiratory muscle. From Lbl, the shortening for each breath was expressed as percentage change from Lbl (%Lbl).
All aspects of respiratory muscle EMG activity, muscle length, and shortening were calculated at resting ventilation during WAKE and NREM and REM sleep. These measurements defined whole breath or "tidal" breath activity of inspiratory flow and respiratory timing; respiratory muscle length, shortening; and EMG activity. Baseline EMG (EMG wake) of these respiratory muscles was defined as the mean tidal moving-average EMG activity recorded from each individual muscle during wakefulness. The "tidal" moving-average EMG activity of each respiratory muscle during sleep was expressed as %EMG wake.
Statistical analysis. Mean values were exported for review to spreadsheet software (Microsoft Excel; Microsoft, Redmond, WA) and to the personal computer version of SAS (SAS version 8.00; SAS Institute, Cary, NC) for statistical analysis (34a) . Mean values for parameters of breathing pattern, peak tidal EMG activity for each breath, and muscle shortening of COS and PARA were tested across the three experimental conditions, including awake and NREM and REM sleep, by two-way analysis of variance with repeated measures on one factor. Multiple comparisons testing of the mean values for each individual condition was performed using Duncan's multiple range test. Results are presented as means Ϯ SD; in the figures, variance is expressed as SE.
RESULTS
Data were recorded from seven canines with a mean weight of 26.3 kg (range 23-30 kg). The studies were conducted after an average 30 days (range 12-49 days), following implantation of EMG electrodes and sonomicrometry transducer in costal (COS) and crural diaphragm (CRU) and parasternal intercostal (PARA) muscles. EMG activity was recorded from n ϭ 5, 7, and 7 canines, respectively, while COS and PARA muscle shortening were recorded from n ϭ 5 animals. CRU sonomicrometry signals were available in only two animals.
Ventilation and EMG activity during sleep stage. During these recordings, ventilation and breathing pattern changed consistently during sleep (Table 1) . Minute ventilation (V I ) decreased from WAKE to NREM and REM significantly (P Ͻ 0.05, P Ͻ 0.05, respectively); V I between NREM and REM was not different. From WAKE to NREM and REM, inspiratory time (T I ) and expiratory time (T E ) were increased (P Ͻ 0.05, P Ͻ 0.05, respectively), while respiratory rate (f) decreased.
Representative traces from one subject are shown in Fig. 1 . COS and PARA generally showed consistent phasic inspiratory activity and muscle shortening during WAKE, NREM, and REM (Fig. 1, A-C) . Specifically, all subjects showed ongoing phasic EMG activity and muscle shortening in PARA during sleep, including both NREM and REM.
Mean values of respiratory muscle tidal EMG activity during WAKE and sleep are shown in Fig. 2 . Both COS (106.7 Ϯ 2.84 and 111.8 Ϯ 4.80% EMG wake , respectively, mean Ϯ SD) and CRU EMG activity (108.1 Ϯ 6.68 and 109.0 Ϯ 5.97% EMG wake , respectively) increased significantly during NREM and REM, compared with WAKE (P Ͻ 0.05, P Ͻ 0.05, respectively). Although PARA EMG seemed to decrease very slightly, statistically PARA EMG activity did not show significant decline or inhibition during NREM and REM compared with WAKE (94.7 Ϯ 14.6 and 95.0 Ϯ 18.8% EMG wake , respectively). Within each sleep state, NREM and REM, there was no significant difference in mean tidal EMG activity between COS, CRU, and PARA.
Muscle shortening during sleep stage. These direct recordings of real-time shortening during sleep for both diaphragm and PARA are novel. Mean values for COS, CRU, and PARA are summarized in Fig. 3 . Although the sonomicrometry implants are long lasting, durability is not universal; we report measurements from n ϭ 5 COS and PARA, but only 2 CRU implants. The real-time shortening records reflect the complete net effect of all mechanical changes within each sleep stage. It was noted that shortening of both COS and CRU, during both NREM and REM, remained approximately equivalent to the corresponding EMG per breath. Although not statistically different, both COS and CRU trended higher during NREM and REM sleep, from WAKE (121.0 Ϯ 39.0 and 153.5 Ϯ 63.9% L bl , respectively). Certainly, COS and CRU shortening was maintained; there was no suggestion in any animal of decreased COS or CRU shortening in REM sleep.
The direct measurement of PARA shortening during sleep was somewhat different from the diaphragm, in both NREM and REM states. PARA shortening decreased significantly during sleep, both NREM and REM (62.7 Ϯ 43.5 and 61.5 Ϯ 21.5% L bl , respectively), compared with WAKE (P Ͻ 0.05, P Ͻ 0.05, respectively). However, the NREM and REM values of PARA shortening were nearly identical. There was no suggestion of a decrease or attenuation of PARA shortening during breathing in REM. This was consistent in all animals.
DISCUSSION
These studies reveal three novel findings. First, these intact canines with chronic implanted transducers and direct intramuscular recording of EMG did not reveal a decrease or inhibition in PARA EMG activity during REM sleep. Looking at EMG measured as peak difference in moving-average EMG per breath, the PARA EMG did not diminish significantly, although it was not seen to increase as did COS and CRU diaphragm. So the EMG measurements support the thesis that the upper anterior chest wall parasternal intercostal muscles do not suffer motor inhibition and are spared, as is the diaphragm. The second novel observation is the diaphragm recordings, which are new: these are the first recordings of EMG activity of both diaphragm segments, costal as well as crural, during sleep.
The third novel finding was the expression of muscle shortening in sleep, especially REM. The direct continuous recordings of parasternal and diaphragm length and shortening showed wakefulness and sleep differences that could not be predicted. In this small sample, contraction of both diaphragm segments trended higher although not statistically different. There was no suggestion of large decrease or inhibition; diaphragm contraction continued regardless of sleep and REM. Simultaneous recordings of parasternal muscle length differed with significant decrease in shortening per breath during sleep, but as with the diaphragm, the parasternals did not show a REM-related decrease in action. So, parasternal action/contraction in sleep was uniformly less than awake, but sustained through both NREM and REM.
A very interesting outcome was the unanticipated divergence of directly measured muscle electrical activity and simultaneous, corresponding, muscle-shortening action. Typically, assuming constant local mechanics, we expect the EMG and directly measured muscle shortening to be generally equivalent. Here, in NREM and REM sleep, shortening of both diaphragm segments COS and CRU trended higher. Not so for the parasternals. While parasternal EMG per breath was relatively unchanged, simultaneous shortening was significantly less, and both EMG and shortening were maintained from NREM to REM.
Theoretically, we could postulate some extraordinary inherent decrease in muscle "contractility," i.e., shortening per unit EMG, during sleep-but that would be unprecedented. Instead, it seems that overall changes in mechanics of the chest wall during sleep generated a net mechanical disadvantage for the parasternals, compared with the diaphragm. We might test that hypothesis with multiple simultaneous recordings of short- ening and EMG from the lower lateral chest wall and other respiratory muscles, but that is beyond the scope of this study. There are two potential mechanisms that might be considered to account for this striking dissociation between EMG activity and shortening of the chest wall parasternal intercostal muscles. To begin, the peak diaphragm EMG activity increased by ϳ10% during sleep (as seen in Fig. 2) , and tidal volume also showed a moderate increase during sleep (Table 1) . Therefore we can infer that pleural pressure was likely increased as well. As shown previously by De Troyer and Leduc (6), contraction of the parasternals produces a cranial displacement of the ribs and a fall in pleural pressure, but that fall in pleural pressure, in turn, opposes the cranial displacement of the ribs. Thus an increase in diaphragm EMG activity leading to an increase in pleural pressure during sleep would likely cause a decrease in cranial rib motion and, with it, a decrease in recorded parasternal shortening.
A second mechanism involving chest wall mechanics could also account for the decrease in parasternal shortening. This begins with the decrease in external intercostal inspiratory activity that almost certainly occurs during sleep (albeit not tested in this study). Since the external intercostals, in particular in the awake, unanesthetized animal, contribute to the cranial displacement of the ribs in the upper rib cage (7), it would be expected that a decrease in external intercostal inspiratory activity would lead to a corresponding decrease in cranial rib displacement and thereby to a decrease in parasternal shortening. Both of these two mechanisms, i.e., an increase in pleural pressure due to the increased diaphragm activity, as well as the decrease in external intercostal activity, should contribute simultaneously during sleep.
Diaphragm during sleep. At first glance, both the EMG activity and the length changes recorded may seem different from some traditional expectations of diaphragm and chest wall function during sleep, notably REM (10, 20, 22, 32) . Yet there are specific venerable studies, some decades old, which were prescient. The findings here are not entirely unexpected.
Previous electromyogram (EMG) studies suggest that diaphragm, as the major inspiratory muscle, shows similar phasic EMG activity to that during quiet wakefulness or may even be slightly increased during NREM sleep. Then in REM, phasic EMG activity is spared and in some studies is seen to increase (2, 14) . Neural activation of the costal diaphragm in REM seems unique, in cats showing even a differential activation of separate portions of the costal segment especially during phasic REM (23) . In addition, all diaphragmatic motor units may not be recruited during NREM and REM sleep compared with activity during WAKE (35) .
Although there are no previous direct recordings of diaphragm segmental shortening in sleep, persistent or increased action of the diaphragm during REM can be inferred from other studies. Measuring abdominothoracic motion with calibrated magnetometers in humans, in a very careful study that rejected all but three of the experimental subjects, Tusiewicz et al. showed very elegantly that overall rib cage contribution dropped dramatically to only 19% of tidal volume during REM sleep (37) . Therefore the contention that diaphragm contraction persists and increases during REM sleep does not seem in doubt (28, 36, 37) .
Chest wall and accessory muscles during sleep. Conversely, there is not a consensus on neural activation, electrical activity, and muscle action of other muscles, apart from the diaphragm, during REM sleep. Most older studies in animals and humans that recorded directly from EMG electrodes within intercostal muscles suggest that lateral intercostal activity is decreased in REM; however, results are variable in NREM (10, 22, 32) . However, there are notable exceptions. For example, in rats, some external intercostal muscles maintain activity through REM sleep (27) . In seminal studies by Duron and Marlot in the cat (10), when differences in terminology are taken into account, both diaphragm and "intercartilaginous" muscles, which correspond to contemporary parasternals, showed similar brief inhibition during phasic REM. Only "postural tonic" activity of all intercostals was noted to disappear during REM. Recent studies in rats by Fraigne and Orem showed average EMG activity of both external intercostal and diaphragm to be maintained and increased through the REM period (17) .
In this discussion, we recognize and have not mentioned several human studies that relied on surface EMG to characterize parasternal intercostal activity (26, 39) . Although the experiments were undoubtedly carefully executed, we do not know the fidelity and veracity of surface EMG to represent a small, deeply located intercostal muscle such as the parasternal, with surrounding contaminant muscles, especially measuring throughout both wakefulness to sleep. Besides this canine model, our experimental group has long experience with implanted fine-wire EMG electrodes in humans, including the measurement of parasternal EMG (14, 29) . We have never been able to achieve equivalent resolution or signal quality, and have not been able to substitute surface EMG electrodes, for implanted parasternal fine wires. Therefore we limit our comments here only to previous studies that recorded EMG directly from the intercostal muscles and do not discuss in detail any previous investigations that relied exclusively on surface chest wall EMG.
There are other measures of neural activity pertaining to sleep, especially REM, that may provide some additional insight. Besides measures of EMG activity, there is longstanding evidence suggesting that the motoneurons supplying both diaphragm and parasternal intercostals may be spared the inhibitory influence that is postulated for other more "postural" intercostal and accessory muscles including scalene and ster- nocleidomastoid (34) . Distinct from the usual considerations of REM neural inhibition, there is some evidence of an alternative excitatory process that may stimulate some motor neurons in both inspiration and expiration through REM (31) . This possibility has not yet been incorporated into a mechanistic explanation of muscle response. Finally, regardless of central neural mechanism, there remains a clear, local neural afferent difference in these respiratory muscles. Traditionally, muscles with greater "postural" action have been greatly diminished in REM while minimally "postural," predominantly phasic ventilatory muscles have been preserved in REM (25) . That characterization can also be invoked for these results with the parasternals compared with the lateral externals. This difference probably relates to muscle spindle density (3, 9, 10) . Diaphragm has very few muscle spindles and is presumably less sensitive to any neural influence via muscle spindle feedback, which would probably afflict only a small number of motor units. Conversely, lateral external intercostals and accessory muscles that seem least active in REM are spindle rich. Even from the early experiments of Duron and Marlot (10) , the chest wall muscles now described as parasternals have been characterized as intermediate in spindle density, nearly as bereft of spindles as the crural diaphragm. Although the control mechanism remains uncertain, the comparable muscle action of diaphragm and parasternal shown here in REM does correlate with the known and similar paucity of spindles shared by these obligatory inspiratory muscles.
Limitations and future study. This project was undertaken using sonomicrometry-EMG implants to compare diaphragm and parasternal muscle function during sleep. This study reasonably assumed, from many preexisting investigations (10, 22, 32, 37) , that significant decrease in sleep and REM activity occurred overall in the chest wall, notably lateral and posterior chest wall musculature. It is not possible technically, or acceptable ethically, in this canine model, to undertake repeated surgical implantations into parasternal intercostal and several lateral external intercostal muscles, in addition to diaphragm in the same canine. Therefore comparison of shortening and EMG of parasternal vs. lateral external intercostal awaits further investigation.
